Laser-induced fluorescence excitation spectra of NiO have been recorded in the wavelength region of 510−650 nm under supersonic molecular beam conditions. More than fifty bands have been observed and rotationally analyzed to determine the molecular constants. The excited states exhibit highly irregular variations in terms of isotopic shifts, vibrational intervals, and rotational constants. Twenty-six bands attributed to [Ω=0, 1]-X 3 Σ − 0 transitions have been tentatively grouped into five vibrational progressions. Furthermore, dispersed fluorescence and lifetimes of the strong bands have also been measured.
I. INTRODUCTION
Transition metal oxides have been extensively studied both experimentally [1−3] and theoretically [4−6] due to their interesting properties and important functionalities in many fields such as astrophysics [7] , hightemperature chemistry [8] , and materials science [9] . Most electronic spectra of 3d transition metal oxides have been well studied. Nevertheless, the spectroscopic data for NiO remain rather incomplete due to its numerous electronic states and extensive perturbations among these states. Just below 3.5 eV, Walch and Goddard have identified 26 electronic states arising from the first three atomic states of nickel and the ground-state oxygen [10] . Besides, the great changes in bond length between the excited and ground states were found to make the spectra of NiO possess weaker intensities than those of the earlier 3d oxides [11] . Therefore, so far only several excited states and the ground state of NiO have been well characterized.
The first spectrum of NiO was observed in 1945 by Rosen [12] using the exploding wire technique in the wavelength region of 400−950 nm, with all the observed bands grouped into six systems by vibrational analysis. Green and Reedy first determined the vibrational constants of the ground state by recording the infrared spectrum of matrix isolated NiO [13] . The first rotationally resolved spectrum in the green region was obtained by Srdanov and Harris who obtained precise groundstate constants [14] . Friedman-Hill and Field reported the [16. [16] . Molecular parameters of the ground and low-lying states were determined precisely. The pure rotational spectrum was observed and analyzed by Namiki and Saito using a source-modulated millimeter and submillimeter wave spectrometer [17] . The works mentioned above have identified the ground state to be a case a 3 Σ − state. Recently, Balfour et al. have studied the NiO spectra between 410 and 510 nm via laserinduced and dispersed fluorescence spectroscopy [18] . More than 20 bands were rotationally analyzed for the first time.
In this work, we have extended the NiO spectra to a redder region, i.e. 510−650 nm, by means of laserinduced fluorescence (LIF) and dispersed fluorescence (DF) spectroscopy under supersonic molecular beam conditions. More than 50 bands were observed and analyzed, and reliable molecular constants were determined.
II. EXPERIMENTS
The production of a molecular beam sample of NiO was similar to that reported previously for other transition metal halide and sulfides [19, 20] . Briefly, the nickel atoms were sputtered, under a pulsed DC discharge condition, from a pair of sharp-head pin electrodes made of pure nickel metal. The NiO molecules were produced by reaction of the sputtered nickel atoms with O 2 . The sample gas with ∼1%O 2 and 99%Ar at a stagnation pressure of approximately 6 atm passed through a pulsed nozzle (General Valve Co.) with an orifice diameter 0.5 mm into the vacuum chamber. The background pressure of the vacuum chamber was ∼3×10 −2 and ∼4×10 −4 Pa, with and without operation of the free jet, respectively. A relatively high stagnation pressure was used here to facilitate cold beam production. The nickel pins used for DC discharging the mixed O 2 /Ar gas were fixed in a Teflon disk with an about 1.5-mm spacing and positioned at ∼2 mm downstream from the nozzle.
A tunable dye laser (Sirah, PRSC-LG-18) pumped by a Nd:YAG (Spectra Physics, GCR-190, repetition rate 10 Hz) was used to excite the jet-cooled NiO molecules. To cover the wavelength region of 510−650 nm, the C503, C540A, P597, and R640 (Exciton Inc.) dyes were used. The output of the pulsed dye laser (line width ∼0.2 cm −1 , pulse duration ∼8 ns) was introduced into the vacuum chamber and crossed the jet flow perpendicularly at ∼3.5 cm downstream from the point of DC discharge. The dye laser adopted a configuration of 1800 line/mm grating and a mirror. By using the second-order diffraction of the Littrow grating, better spectral resolution ∼0.1 cm −1 was obtained in 510−550 nm. Laser wavelengths were carefully calibrated by a wavemeter (Coherent, WaveMaster 33−2650, resolution ∼0.001 nm).
The fluorescence was collected by a pair of lens and detected with a photomultiplier tube (Hamamatsu, CR105) and then digitized by an A/D card interfaced to an acquisition computer. No attempt was made to normalize the LIF spectral intensity against the laser power. The relative time delays among the nozzle, the laser, and the discharge were controlled by a home-made pulsed multichannel delay generator. The DF spectra of NiO were obtained by fixing the probe laser frequency at a strong R-head and collected the fluorescence by a monochromator with the aid of a set of focusing lens. For lifetime measurements, a digital oscilloscope (Tektronix, TDS3032B) was used to record the fluorescence signal averaged over 128 laser shots.
III. RESULTS AND DISCUSSION
The survey LIF excitation spectra of NiO in the energy region of 15500−19700 cm −1 are presented in Fig.1 . By using the second-order diffraction of the Littrow grating, better resolution has been obtained between 17900 and 19700 cm −1 , while the spectra in the region of 17600−17900 cm −1 show very low intensity because of the very low efficiency of the dyes. With a spacing of 600 cm −1 , the survey spectra were divided into seven parts, as shown in Fig.1 , which will be discussed in detail later.
With the help of supersonic jet-cooled technique, the spectra turn out to be less congested and complicated than those reported in some previous studies [14, 15] . Even though the only lower level populated is the and P branches, and the other with R and P branches only. Rotational analysis indicated that they can be at-
transitions, respectively. Typical rotationally resolved LIF excitation spectra with the two types of structures are presented in Fig.2 and Fig.3 , respectively. In most instances an accompanying weaker band of similar structure can be seen slightly to the red shift of the strong band. Obviously, the appearance of such weak subband can be interpreted as a result of the isotopic shift between 58 NiO and 60 NiO, and the relative intensities of the two bands coincide with the natural abundant ratios of the two isotopologues, i.e.
58 NiO: 60 NiO≈2.6:1. The NiO molecular beam under investigation was well cooled down and vastly populated in the ground state due to a ∼100 µs expansion from the discharge zone to the detection zone. The DF spectra further confirm that all the LIF bands (except those with very weak features) can be ascribed to be from the X 3 Σ − 0 (v=0) as the lower level. Molecular parameters were obtained through a least-squares fitting procedure. The energies were modeled by the band origin (T v ), rotational (B v ), and centrifugal distortion (D v ) terms in the expression
Even though the molecular constants of the ground state have been well determined from relatively high J values [14, 15, 17] , the data from the jet-cooled source with the effective rotational temperature ∼40 K rarely gave measurable lines for J >15, the fitting results show a relatively large root mean square (RMS) by using those constants for the lower state. The effective rotational constants for the ground state, B =0.474882 cm −1 , was taken from the Balfour's work [18] and held fixed in our fitting. The D v values taken from the microwave results [17] were fixed for both ground and excited states.
The least-squares fit was accomplished by the PGO-PHER program [21] . The obtained parameters together Table I . Once the molecular parameters were determined, the simulated spectra can be given, as shown in the lower part of both Fig.2 and Fig.3 , which match nicely with the observed spectra. Rotational assignments for the two isotopologues are also indicated, and the transition frequencies are listed in Table II .
Unfortunately, the excited states show highly irregular isotopic shifts and rotational constants provided by the rotational analysis, the vibronic assignments can not be given as those in other nickel containing molecules [19, 20] . The previous studies suggested that the vibrational intervals are ∼600 cm −1 , so the spectra were divided into seven parts with the spacing of 600 cm −1 , as shown in Fig.1 [22] , we group the 26 vibronic bands into the five progressions labeled A, B, C, D, and E in Fig.1 and Table I , respectively. In addition, the small isotopic shifts suggest small values of the vibrational quantum number in the excited states, e.g. v ≤5, the exact values can not be determined by the irregular variations of their vibrational intervals, (see Fig.4 ) and the isotope shifts as well as the rotational constants.
It should be noted that the remaining 29 bands with considerable intensities in Fig.1 can neither be classified into any new groups easily nor the five progressions mentioned above. Nevertheless, since they can be well rotationally analyzed, the relevant molecular constants including band origins and rotational constants are also presented in Table I . In addition, as listed in Table I , some bands with appreciable spectral intensities can not be well rotationally analyzed due to severe spectral overlap and perturbations.
Furthermore, the DF spectra and lifetimes of the strong bands were measured. The lifetime was derived from an exponential fit of the fluorescence decay traces. The lifetimes were found to range from 0.4 µs to 3.1 µs, as listed in Table I , which confirms extensive perturbations among the excited states investigated. The DF spectra were recorded with probe laser excitation coinciding with the most intense R-head. All the DF spectra recorded turned out to be quite similar. As an example, Fig.5 presented the DF spectrum with excitation laser wavelength at 509.99 nm (T v =19604.989 cm −1 ). The predominant emission was found exactly equivalent to the wavelength used for excitation, and no higher frequency was observed than the excitation laser, which implies that the excited state coming from the
The displacements of the five peaks in Fig.5 , with respect to the position marked with a tick, read 0, 818, 2442, 3232, and 4009 cm −1 , respectively. The vibrational quantum numbers, v , are also given. It is noteworthy that the v =2 peak disappears. The similar irregular intensities were also observed by Balfour et al. who interpreted such an observation in terms of the Franck-Condon calculations using the established values for the ground state and the estimated parameters for the excited state, respectively [18] . The displacement frequencies were modeled by the following equation: 
where ω e is the vibrational frequency, ω e χ e is the anharmonicity constant. Fitting the displacement values yields ω e =837±5 cm −1 and ω e χ e =5.7±0.8 cm −1 , respectively. These two vibrational constants agree reasonably well with ω e =839.1(5) cm −1 and ω e χ e = 5.4(5) cm −1 of Srdanov and Harris's work [14] .
IV. CONCLUSION
The jet-cooled laser-induced fluorescence spectra of NiO have been investigated in the wavelength region of 510−650 nm, in which more than fifty bands were recorded and rotationally analyzed to determine the rotational constants and isotopic shifts. Highly irregular variations in terms of isotopic shifts, vibrational intervals, and rotational constants were observed, only twenty-six bands were grouped into five progressions by their vibrational intervals. Lifetime and dispersed fluorescence were also measured to gain more insights into the upper and lower states, and the vibrational constants of the ground state were determined.
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